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Prediction of the Circumferential
Film Thickness Distribution in
Horizontal Annular Gas-Liquid
Flow
This paper develops a liquid film symmetry correlation and a liquid film thickness di
bution model for horizontal annular gas-liquid pipe flows. The symmetry correla
builds on the work of Williams et al. (1996) (Droplet Flux Distributions and Entrainm
in Horizontal Gas-Liquid Flows,’’ Int. J. Multiphase Flow, Vol. 22, pp. 1–18). A new
correlating parameter is presented. The liquid film thickness model is based on the
of Laurinat et al. (1985) (Film Thickness Distribution for Gas-Liquid Annular Flow in
Horizontal Pipe,’’ PhysicoChem. Hydrodynam., Vol. 6, pp. 179–1 5). The circumferen-
tial momentum equation is simplified to a balance between the normal Reynolds str
the film’s circumferential direction and the circumferential component of the weight o
film. A model for the normal Reynolds stress in the circumferential direction is propo
The symmetry correlation is used to close the model equations. The model is val
films with disturbance waves, and is shown to be applicable to air-water flows ov
range of conditions from low velocity asymmetric to high velocity symmetric ann
flows.@S0098-2202~00!02102-7#













































The circumferential film thickness distribution in horizontal a
nular air-water flows has been measured over a range of
diameters by several researchers~Dallman @1#, Fukano and
Ousaka@2#, Laurinat@3#, Paras and Karabelas@4#, Williams @5#!.
From these studies we can see how the local time averaged
thickness is influenced by the flow conditions. Two general
servations from these experiments are: 1! the film thickness is
small relative to the tube radius—typical local film thickness v
ues are between one tenth and one thousandth of the tube ra
2! the film is asymmetric—it is thicker on the bottom of the tu
than on the top.
A model to predict the film thickness was developed by Lau
nat et al. @6#. The model includes momentum balances in t
axial, radial, and circumferential directions and a mass bala
which accounts for the redistribution of mass due to atomiza
and deposition of droplets. This work has been the starting p
for subsequent modeling efforts~e.g., Fukano and Ousaka@2#, Lin
et al. @7#!.
Laurinat set the value of flow condition dependent constant
his model to bring the film thickness predictions in agreem
with the experimental film thickness data. This allowed evaluat
of the relative significance of each of the terms in the momen
balance on the film thickness distribution. For the flow conditio
considered, the normal stress gradient due to liquid phase velo
fluctuations in the circumferential direction was found to be
dominant factor controlling the distribution. The interfacial she
acting on the liquid surface due to secondary flow in the gas c
was found to be of significance only near the top of the tu
Atomization and deposition resulted in some film redistributio
but the effects were relatively small.
Lin et al. @7# took circumferential film thickness measuremen
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and compared them to predictions from Laurinat’s model. T
data were taken at low superficial gas velocities in the stratifi
annular region of the annular flow regime. At these velocities th
concluded the interfacial shear due to secondary gas flows p
an important role in distributing the liquid film.
Fukano and Ousaka@2# modified Laurinat’s model to more di
rectly include the effects of the waves on the liquid surface. T
was done using a model for the normal stress in the liquid tha
a function of the static pressure gradient in the gas. The st
pressure gradient is due to waves on the liquid surface. The re
is a continual flow of liquid up the tube walls in regions wit
disturbance waves and a downward draining flow in the fla
regions before and after the waves. Experimental evidence of
mechanism has been observed by Sutharshan et al.@8#. Interfacial
shear due to secondary flows was assumed to be negligibl
Fukano and Ousaka’s model.
In this paper, a symmetry correlation is presented and used
a modified form of Laurinat’s model to develop a set of equatio
that predict the circumferential film thickness distribution in a
nular flows. Experimental data are used to develop a functio
relationship between the film thickness and the wave induced
mal Reynolds stress. By combining the information from the sy
metry correlation with the film model, the value of a parameter
the normal Reynolds stress relation can be estimated. The
input parameters needed in the model are the gas and liquid
perficial velocities,USG and USL , and the entrained liquid frac
tion, E.
2 Theory
„a… Liquid Film Circumferential Symmetry. Dallman @1#
took time averaged circumferential film thickness measureme
in a 2.31 cm diameter horizontal tube over a range of air a
water mass flow rates in the annular flow regime. Data from f
of these flow conditions are shown in Fig. 1 and Fig. 2. The fo
curves in these graphs cover the range of symmetry condit
seen in annular flow. At low air mass flow rates the distribution
n

















Downloaded Fromhighly asymmetric with the majority of the liquid flowing alon
the bottom of the tube. As the air mass flow rate increases~for a
given water mass flow rate! symmetry increases. At very high a
mass flow rates the film becomes nearly symmetric.
Symmetry has been quantified by Williams et al.@9# using the
parameter,AL /(h0d). Here,AL is the cross-sectional area of th
film, AL5*0
p(d22h)hdx̄, h is the local film thickness,h0 is the
film thickness at the bottom,d is the tube diameter, andx̄ is the
angle from the bottom of the tube. As the flow becomes m
symmetric, AL /(h0d) approaches its maximum value,p(1
22m/d), wherem is the average film thickness. It approaches
minimum value, (4/3)(h0 /d)
0.5, when the flow is stratified.
In the present work the symmetry parameter is defined as
average film thickness divided by the film thickness at the bott






The parameterhavg/h0 approaches its maximum value, 1, at hig
velocities as the flow becomes more symmetric. It approache
minimum value, (4/(3p))(h0 /d)
0.5, at low velocities where the
flow is stratified. Values ofhavg/h0 are shown with the distribu-
tions in Fig. 1 and Fig. 2.
Williams correlated symmetry with the Froude number,
5USG/(gd)
0.5. This incorporates the effect of the gas mass fl
rate on symmetry through the superficial gas velocity. It does
however, account for the increase in asymmetry that occurs a
liquid mass flow rate increases for a given gas velocity.
Fig. 1 Film thickness measurements versus angle. Air-water
data from Dallman †1‡ in a 2.31 cm diameter horizontal tube at
an L Õd of 600.
Fig. 2 Film thickness measurements versus angle. Air-water
data from Dallman †1‡ in a 2.31 cm diameter horizontal tube at
an L Õd of 600.Journal of Fluids Engineering












In order to include the liquid mass flow rate dependence, c
relation of the symmetry data was attempted using other no
mensional groups. The best correlation was found us
(ṁG /ṁL)
0.5Fr. This parameter is the square root of the ratio of t
gas phase power to the power required to pump the liquid a
mass flow rate from the bottom of the tube to the top of the tu
(ṁGUSG
2 /ṁLgd)
0.5. A plot of havg/h0 versus (ṁG /ṁL)
0.5Fr using
Laurinat’s data is shown in Fig. 3.
Figure 4 showshavg/h0 versus (ṁG /ṁL)
0.5Fr over a range of
tube diameters andL/d’s from a variety of different studies~Dall-
man @1#, Fukano and Ousaka@2#, Hurlburt and Newell@10#, Jay-
anti et al. @11#, Laurinat @3#, Paras and Karabelas@4#, Williams
@5#!. The larger data set has more scatter, but the general t
seen in Fig. 3 remains.~The data sets showing a more rapid tra
sition toward symmetric annular flow~Hurlburt and Newell@10#
and Jayanti et al.@11#! are at the lowestL/d’s. These flows may
not be ‘‘fully developed’’ which is argued by Whalley@12# to
require anL/d of about 400.!
A curve fit to the data for typical values ofh0 is shown in Fig.
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Fig. 3 Symmetry parameter versus „ṁ g Õṁ L…
0.5Fr. Air-water
data from Laurinat †3‡ in a 5.08 cm diameter horizontal tube at
an L Õd of 300.
Fig. 4 Symmetry parameter versus „ṁ g Õṁ L…
0.5Fr. Air-water
































Downloaded From„b… Prediction of the Circumferential Film Thickness Dis-
tribution. The momentum balance equations developed in L
rinat et al.@6# are used to predict the film thickness. The followin
is a list of the assumptions used in this model:
1 The liquid film thickness is small relative to the tube radiu
This allows the use of Cartesian instead of cylindrical coordina
2 The liquid phase is turbulent resulting in forces due to g
dients in the fluctuating velocities.
3 The film height is not varying significantly with time.~The
equations use time averaged quantities and predict the time a
aged behavior.!
4 The influence of the waves on the transfer of moment
from the gas phase to the liquid phase in the axial direction ca
accounted for indirectly through an interfacial axial shear.
5 The tube diameter is large enough that surface tension fo
can be ignored.
6 A constant pressure is imposed by the gas phase on the
face of the liquid phase.
7 The turbulent stresses,txx andtxz , can be modeled as inde
pendent of radial position.
An implicit assumption is that gas entering the liquid, traveli
through, and exiting the liquid as bubbles can be ignored. T
process was observed by Hewitt et al.@13#.
The circumferential momentum balance is used to determ
the film thickness. The radial momentum balance is used to el
nate the pressure gradient in the circumferential direction.
forces responsible for holding the liquid against the radial com
nent of the film’s weight are not considered.
Momentum Equations
Laurinat developed the time-averaged momentum equation
fully-developed flow. The coordinate system is Cartesian withx as
the circumferential direction,y as the radial direction, andz as the
axial direction.























2rLg sin x̄50. (5)





Heretxx andtxz are Reynolds stresses due to circumferential a
axial velocity fluctuations,u8 and w8, ~with txx52rL8u8
2 and
txz52rLu8w8!, tyz is the axial shear stress,tyx is the circumfer-
ential shear stress,p is the liquid pressure,rL is the liquid density,
a is the tube radius, andx̄ is the circumferential distance from th
bottom of the tube in radians (x̄5x/a).
Integration of~6! from any point,y, to the gas-liquid interface
gives
2puh1puy2rLg~h2y!cosx̄50. (7)
If we ignore surface tension effects, the interface pressure,puh ,
can be assumed equal to the gas phase pressure,p0 . If the gas
phase pressure does not vary circumferentially, the radial mom
tum balance can be differentiated to solve for the static pres







Substitution of~8! into ~5! gives398 Õ Vol. 122, JUNE 2000



































The stress terms in~4! and ~9! are nondimensionalized using th




Here ReG is the gas Reynolds number, ReG5rGUSGd/mG , andrG ,
is the density of the gas. Length terms are nondimensional
using the friction velocity,Ats /rL, and the kinematic viscosity o
the liquid,nL .
The nondimensional momentum balance equations descri














































Simplification of the Momentum Equations. In this section
further simplifications to the momentum equations are made.
simplifications are based on Laurinat’s findings of the relat
influence of the terms in the momentum balance on the film thi
ness distribution. For the conditions considered these findings
clude:
1 The effect of atomization and deposition on the circumfer
tial distribution of the film is relatively small.
2 Interfacial circumferential shear due to secondary flows
the gas is significant only near the top of the tube.~This is sup-
ported by recent measurements taken by Dykhno et al.@14# in a
9.53 cm horizontal pipeline. The secondary flow was found to
circulating in a downward direction for conditions in which a film
is present on the wall.!
3 The static pressure gradient due to the circumferential fi
thickness gradient is small relative to the normal stress.
4 The dispersion term, 1/a1]txz
1 /] x̄, appears to be small rela
tive to the axial shear.
The first simplification to the equations uses the result that
interfacial shear and atomization and deposition have only a s
effect on the time averaged film distribution. When this is true,
local circumferential liquid film velocity,u, is zero~the time av-
eraged upflow and downflow are the same!. The radial stress gra
dient,]tyx
1 /]y1, can then be eliminated from~12! and the circum-














The second simplification uses the finding that the static p
sure gradient is small relative to the normal stress.~In air-water
flows, this term is only of significance near the bottom when
film thickness is greater than about 2 mm.! Equation~15! then






































In this form, the circumferential component of the weight of t
film is balanced only by the circumferential normal stress gra
ent, i.e., by the variation of the wave induced circumferential
locity fluctuations.
The final simplification to the momentum equations uses
result that the dispersion term, 1/a1]txz
1 /] x̄, is small. The axial





This implies that the axial shear is constant in the radial direct







¿ Relation. To implement~16!, a relation for
the normal Reynolds stress,txx
1 , is needed. In this section, a
equation relatingtxx
1 to the liquid film thickness is proposed. De
tailed circumferential film thickness measurements taken by D
man @1# are used in developing the relation.
If we assumetxx





The derivative,dh1/dx̄, can be calculated from film thicknes
data taken around the perimeter of the tube. Withdh1/dx̄ and the
known flow conditions, sin(x̄)/@Frts(dh
1/dx̄)# can be used as a
estimate ofdtxx
1 /dh1. A plot of 2sin(x̄)/@Frts(dh
1/dx̄)# versus
h1 is shown in Fig. 5 for data taken by Dallman in a 2.31 c
diameter tube.
Figure 5 offers insight into the functional dependence betw
txx
1 andh1. The derivative oftxx
1 initially decreases rapidly and
then decreases relatively slowly for largeh1. A function whose
derivative captures this behavior is,
txx
1 52txx,max
1 F12expS 2 h12618 D G . ~h1.6! (19)
The stress described bytxx
1 is the result of circumferential ve
locity fluctuations induced by waves. Asali and Hanratty@15#
found that wave activity dramatically decreased at a liquid fi
Reynolds number below 370~approximatelyh156!. In order to
incorporate this observation the value oftxx
1 is assumed to ap
proach zero ath156. The maximum normal stress,txx,max
1 , de-
pends on the gas and liquid mass flow rates.
Fig. 5 Estimate of d txx
¿ Õdh ¿ versus h¿ using „18… and circum-
ferential film thickness measurements. Data from Dallman †1‡
in a 2.31 cm diameter horizontal tube at USGÄ30 mÕs.Journal of Fluids Engineering












The film thickness data used to generate Fig. 5 were all take
USG530 m/s. At this velocity, the entrained liquid fraction is low
This minimizes the effect of droplet atomization and deposit
on dh1/dx̄. Similar results are seen at higher velocities, but w
more scatter in the derivative near the top of the pipe.
Circumferential Film Thickness Solution. Using ~19! for
txx












This differential equation can be solved analytically forh1. The
solution, which depends on the nondimensional film thicknes
























Note that at large Frts, h
1 approachesh0




1 must be determined. The sym
metry correlation,~2!, eliminatestxx,max
1 as an unknown. Predic
tion of h0
1 requires an interfacial axial shear relation, a relation
the average axial velocity of the liquid film, mass conservati
and an entrainment model which predicts the fraction of the to
liquid mass flowing as droplets suspended in the gas core. R
tions for the interfacial axial shear and the average axial velo
of the liquid film are developed in the following sections. A
entrainment model is not developed in this paper.
t i Model. The termt i is the local shear on the liquid inter
face in the axial direction. Is has been studied experimentally
pressure drop and liquid film mass flow rate measurements
Asali and Hanratty@15# for vertical air-water flows. The correla
tion from this study shows interfacial shear to be a strong funct



















ui* 5S t irLD
0.5
. (28)
Asali’s interfacial shear correlation is based on vertical annu
flow data. In this paper we assume the correlation to be applic
in predicting the local axial shear based on the local film thickn
















Downloaded FromAsali’s interfacial shear correlation is developed from data
which the productfhi
1 is less than 100. In this regiont i /ts21
shows the linear increase with non-dimensional film thickn
seen in Eq.~25!. For films withfhi
1 greater than 100, the data i
Asali and Hanratty@15# show a less rapid rate of increase
t i /ts21 with film thickness. An equation that approximates t






21510F12expS 2 fhi1250 D G . (29)
Axial Velocity. The liquid film average velocity can be est
mated from the experimental correlations of Asali and Hanra
@15# and Henstock and Hanratty@16#. Asali correlated film thick-










Here ṁLF is the liquid film mass flow rate. Henstock correlate





When the film thickness is small relative to the tube diame





Using ~33! in ~30! and solving forwavg, a relation for the average





Using ~33! in ~32! and solving forwavg, a relation for the average












Mass Conservation. The entrainment,E, is the ratio of the
liquid mass flow rate suspended in the gas core,ṁLE , to the total
liquid mass flow rate.
E5ṁLE /ṁL (37)
When the entrainment is known the liquid film mass flow rate c
be calculated from
ṁLF5ṁL2ṁLE . (38)
The local film thickness and local average axial velocity are





Film Thickness Prediction. The model equations and the
range of validity are summarized below. The equations can
solved for a given superficial gas and superficial liquid veloc400 Õ Vol. 122, JUNE 2000

















2/4!, and a known value of
the entrainment.
Film Thickness Model Summary
Film thickness distribution:~21! with parameters given by~10!,
~13!, ~14!, ~22!, ~23!, and~24!
Symmetry correlation:~2! with havg given by ~1! and Fr given
by ~3!
Interfacial axial shear correlation:~29! with parameters given
by ~26!, ~27!, and~28!
Liquid film mass flow rate:~37!, ~38!, and~39! with wavg given
by ~36!
Model Range of Validity
Minimum film thickness:h156
Maximum film thickness at the bottom:h0;2 mm
Diameter range:d;1 to 5 cm
Figure 6 and Fig. 7 show model predictions compared to fi
thickness measurements taken by Dallman@1# for the conditions
in Fig. 1 and Fig. 2. The entrained liquid fractions used are fr
experiments by Dallman@1#. Values oftxx,max
1 for each curve are
shown in the figures.
Figure 8 shows model predictions compared to film thickn
measurements taken by Laurinat@3# in a 5.08 cm tube. The en
trained liquid fraction is from experiments by Laurinat@3#. Model
predictions from Laurinat et al.@6# are also presented fo
comparison.
Figure 9 shows model predictions compared to film thickn
measurements taken by Fukano and Ousaka@2# in a 2.60 cm tube.
Fig. 6 Model predictions compared to experimental data. Ex-
perimental air-water data from Dallman †1‡ in a 2.31 cm diam-
eter horizontal tube at an L Õd of 600. Flow conditions shown in
Fig. 1.
Fig. 7 Model predictions compared to experimental data. Ex-
perimental air-water data from Dallman †1‡ in a 2.31 cm diam-
eter horizontal tube at an L Õd of 600. Flow conditions shown in

























































Downloaded From~The entrainment is not available and was estimated to be 0!
Model predictions from Fukano and Ousaka@2# are also presented
for comparison.
Figure 10 shows model predictions compared to film thickn
measurements taken by Paras and Karabelas@4# in a 5.08 cm tube.
~The entrainment is not available and was estimated to be 0!
Model predictions made using both the symmetry value from~2!
and the symmetry value from the experimental data are shown
comparison.
Fig. 8 Model predictions compared to Laurinat’s model and
experimental data. Air-water data from Laurinat †3‡ in a 5.08 cm
diameter horizontal tube. USGÄ56.8 mÕs, USLÄ0.075 mÕs, rG
Ä2.04 kg Õm3, and EÄ0.782.
Fig. 9 Model predictions compared to Fukano’s model and ex-
perimental data. Air-water data from Fukana and Ousaka †2‡ in
a 2.60 cm diameter horizontal tube. USGÄ48.7 mÕs, USL
Ä0.10 mÕs, rGÄ1.6 kg Õm
3. Entrainment is estimated at 0.6.
Fig. 10 Model predictions compared to experimental data. Air-
water data from Paras and Karabelas †4‡ in a 5.08 cm diameter
horizontal tube. USGÄ46.8 mÕs, USLÄ0.20 mÕs, rGÄ2.31 kg Õm
3.
Entrainment is estimated at 0.5.Journal of Fluids Engineering





As seen in Figs. 6–10, the simplified model presented in
work is capable of estimating the film thickness of both symme
and asymmetric annular flows over a wide range of film thic
nesses. The redistribution of the film by entrained droplet dep
tion and the interfacial shear in the circumferential direction
not appear to play a significant role in estimating the film thic
ness for the range of velocities and pipe diameters conside
Inclusion of these terms does result in some gains in accurac
seen in the comparison to Laurinat’s predictions in Fig. 8. T
disadvantage to this approach is that it requires the specificatio
flow condition dependent model parameters that are not rea
available.
A contribution of this paper is the use of experimental fil
thickness data to develop a relation for the circumferential nor
stress,txx
1 . When introduced in the momentum balance this re
tion results in a simple analytical expression that successfully
dicts the film thickness distribution. This normal stress relat
differs from the relations used both by Laurinat and by Fuka
and Ousaka@2#. The comparison between the models in Fig. 8 a
Fig. 9 suggests that while based on somewhat different relati
the three approaches can give similar results. It is not clear, h
ever, whether the Laurinat or the Fukano and Ousaka models
results which are similar to the present model when the film thi
ness at the bottom is of the order of 1 mm. No predictions
highly asymmetric conditions are given in these works.
The model’s circumferential normal stress is assumed to b
unction of the local film thickness. This stress is the result
wave induced velocity fluctuations. The film thickness depe
dence of the stress is likely due to the film thickness depende
of the waves. Wave height has been observed to be a strong f
tion of film thickness. Hurlburt and Newell@10# took instanta-
neous film thickness measurements in a 2.5 cm diameter tube
found the standard deviation of the film thickness to be prop
tional to and of similar order to the average film thickness.
The sensitivity of the model to the symmetry correlation is se
in Fig. 6 and Fig. 10. The deviation of the model from the me
sured values is in part due to the inaccurate estimate of the s
metry parameter for these conditions.
Use of the model in tubes of diameter less than 1 cm has
been attempted. It is likely that in small tubes surface tens
effects would need to be considered when estimating the sym
try and when solving the momentum balance equations.
The model applies only over the range of annular flow con
tions in which disturbance waves cover the entire cross sect
This is the majority of the annular flow regime in tubes of diam
eter less than 5 cm. In larger diameter tubes, the greater circ
ferential distance involved can result in the film thickness rea
ing a value ofh156 at some point up the tube wall. If a film i
present above this point, it is believed to be the result of
deposition of entrained droplets. A local entrainment model wo
need to be added for the model to be used in these circumsta
The symmetry correlation was developed using data in wh
annular flow was observed. The model could be extended to
gas velocity flow conditions in which only a partial annulus o
curs. This would require consideration of partial annulus symm
try data. The height on the tube at which the film thickness goe
zero could be estimated by the height at which the film thickn
prediction decreases toh156.
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mG 5 gas viscosity
mL 5 liquid viscosity
f 5 property ratio group
nL 5 liquid kinematic viscosity
rG 5 gas density
rL 5 liquid density
t i 5 axial interfacial shear stress
ts 5 smooth tube wall shear stress
txx 5 liquid Reynolds stress
txx,max 5 maximum value of the circumferential liquid Rey-
nolds stress
txz 5 liquid Reynolds stress
tyx 5 interfacial shear in the circumferential direction
tyz 5 axial shear stress
a 5 tube radius
AL 5 cross-sectional area of the liquid film
d 5 tube diameter
E 5 entrainment
Fr 5 Froude number, Fr5USG/(gd)
0.5
Frts 5 Froude number, Frts5ts /rLga
g 5 gravitational constant
h 5 liquid film thickness
h1 5 nondimensional liquid film thickness based on
smooth tube shear
havg 5 circumferential average liquid film thickness
hi
1 5 nondimensional film thickness based on interfacial
shear stress
h0 5 liquid film thickness at the bottom of the tube
L 5 tube length
m 5 average film thickness
ṁG 5 vapor mass flow rate
ṁL 5 total liquid mass flow rate
ṁLE 5 entrained liquid mass flow rate
ṁLF 5 liquid film mass flow rate
p 5 liquid pressure
p0 5 gas phase pressure
ReG 5 gas Reynolds number, ReG5rGUSGd/mG
ReLF 5 liquid film Reynolds number, ReLF52ṁLF /pamL
u 5 liquid film circumferential velocity
u8 5 liquid film circumferential velocity fluctuation
ui* 5 liquid friction velocity based on interfacial shear
stress,ui* 5(t i /rL)
0.5402 Õ Vol. 122, JUNE 2000
: https://fluidsengineering.asmedigitalcollection.asme.org on 06/29/2019 Terms oUSG 5 superficial gas velocity
USL 5 superficial liquid velocity
w 5 liquid film axial velocity
w8 5 liquid film axial velocity fluctuation
wavg 5 average axial liquid film velocity
x 5 circumferential distance from the bottom of the tube
x̄ 5 angle from the bottom of the tube,x̄5x/a
y 5 radial distance
z 5 axial distance
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